Abstract. In ultimate asseismic design of ductile frame structures, plastic deformation and plastic hinge are generally permitted, and some preferred failure modes are often selected. It is an important problem that whether the designed structure collapses according to the designed failure mode, because of the large uncertainties included in external loads and member strength. In this paper, an identification procedure of failure modes for frame structures is developed, and the likely collapse modes of frame structures under uncertain load and member strength are investigated under assumption of normal distributed and non-normal distributed external loads and member strength. It is found that the occurrence order of likely collapse mode is much influenced by the distribution of the random variables. The occurrence order of collapse modes for column over designed structures are investigated and it is found that the increase of column over-design factor can effectively avoid the story collapse mode in probabilistic means.
Introduction
In deterministic design of frame structures, some preferred failure modes are often selected and the strength of structural member are designed according to the selected failure modes. Weak-beam-strong-column designed structure is a common kind of structure in earthquake resistance design to make the frame structure collapses according to beam-failure pattern, which is considered as a suitable failure pattern because of the large earthquake energy absorb ability before the structure collapse occurs.
In order to ensure a frame structure to collapse according to the beam-failure pattern, the columns of the structure are generally over-designed with a column-over-design-factor (COF). However, when a frame structure is designed as a Weak-beam-strong-column structure, it is an important problem that whether the designed structure collapses according to the designed failure mode, because of the large uncertainties included in external loads and member strength. These uncertainties may change the COF and the structure may collapse according to some unpreferable failure modes such as column-failure pattern.
To introduce the uncertainties in the external loads and member strength into structural design, it is necessary to investigate all or some important collapse mode resulted from the uncertainties. Some studies have been done [1, 2] and the external loads and member strength are assumed to be normal random variables. But in practice these random variables may be non-normal and their distributions may greatly influent the likely collapse modes of frame structures.
In this paper, an identification procedure of failure modes for frame structures is developed, the likely collapse modes of frame structures under uncertain load and member strength are investigated. The investigation are conducted under assumption of normal distributed and non-normal distributed external loads and member strength. It is found that the occurance order of likely collapse mode is much influenced by the distribution of the random variables.
Stochastic Limit Analysis Considering Non-normal Random Variables
Computational Assumptions. For the ductile frame structures considered in this study, several commonly used assumptions are applied here :
(1) Elastic-plastic frame structures are considered. The failure of a section means the imposition of a hinge and an artificial moment at this section. Limit Analysis. The search for computational efficient procedures of identifying the significant failure modes has resulted many approaches, such as enumeration techniques and mathematical programming techniques. The enumeration techniques [3] provide a systematic and rational derivation. but result in a large number of failure paths and structural reanalysis, which makes the computation very expensive. In this paper, the stochastic limit analysis [4] that is belong to mathematical programming techniques is used because it can obtain the likely failure modes with a fewer computation time.
Based on the upper-bound theorem of plasticity, failure of a ductile frame is defined as the formation of a kinematically admissible mechanism due to the formation of plastic hinges at a certain number of sections. The mechanism can be identified from the structural analysis when the stiffness matrix becomes singular. The Compact Procedure (CP) [5] of limit analysis is used in this paper. In this procedure, the equilibrium equation is taken to be the object function and the ultimate strength is taken as the limit condition. The limit analysis is defined as the problem of obtaining, using the linear programming method, the maximum load factor which satisfies the equilibrium equation and the limit condition. This equilibrium equation is: Applying the Gauss-Jordan method to Eq. (1), some columns of [H] will become fundamental columns in which only one element becomes "1" and others become "0". Then the following 2 steps are repeated until the load factor reaches its maximum.
Step 1: Divide {r} into fundamental variables (those corresponding to "1" in the fundamental columns of [H]) and non-fundamental variables according to the contents of [H] . Change the fundamental variables, increase the load factor until the utmost value (moment capacity) of a fundamental variable is reached.
Step 2: In order to increase the load factor further more, exchange the fundamental variables and the non-fundamental variables.
The CP above is at first conducted using the mean values of the load and member strength. By doing this, some failure modes will be obtained. The performance function corresponding to each failure mode can be obtained readily using the principle of virtual work, and the design point and reliability index for each mode are evaluated by FORM. For the failure modes which have smaller reliability index such as those for which the condition is satisfied, the CP is conducted again, this
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Engineering Plasticity and Its Applications time using the design point as a deterministic values of the loads and member strengths. If the load factor obtained in the procedure does not reach 1, then the design point is in the failure area and will be removed from the computer's memory; otherwise the design point and reliability index are evaluated again for the obtained failure modes. The iteration is continued until no new failure modes are obtained. The modes that appeared in all the iterations are then the likely failure mode of the frame structure. Using this method, the likely failure modes considering non-normal random variables can be obtained with few iterations.
Stochastic Limit Analysis Combined with FORM. The Compact Procedure above is conducted firstly using the mean value of the load and member strength, and some failure modes will be obtained. The design point and reliability index for each mode are evaluated by first order reliability index (FORM) [6] . For the failure modes which have smaller reliability index such as those meet with the condition, the CP is conducted again using the design point as a deterministic value of load and member strength. If the load factor in the procedure can not reach 1, the design point is in the failure area, and will be removed from the memory, otherwise the design point and reliability index are evaluated again for the obtained failure modes. The iteration will be continued until that no new collapse mode obtained, then, the mode appeared in all the iteration are the likely collapse mode of the frame structure. By this method, the likely collapse modes considering non-normal distribution can be obtained with few iterations.
Investigation on Collapse Modes under Non-normal Distribution 1-span 2-storey Frame Structure. The first example is a frame structure with 1 span and 2 stories shown in Fig. 1 . The mean value and standard deviation of the horizontal external load P X are taken as 1.0 and 0.2 respectively and the mean value and standard deviation of the vertical external load P Y are taken as 1.0 and 0.4 respectively. The mean value and standard deviation of the all the member strength Mpc and Mpc are taken as 0.7 and 0.07 respectively. All the random variables are assumed to be independent. As the analysis results, the reliability index and their corresponding number of collapse modes are shown in Fig. 2 , in which the left column are the failure modes obtained under the assumption of normal random variables and those in the right column are under the assumption of lognormal variables. From Fig.2 , from which one can see that the reliability indexes under lognormal random variables are little than those under normal random variables. The most likely collapse mode in the case of normal random variables is column-failure pattern in the first floor, while that in the case of log-normal random variable is beam-failure pattern. The appearance order of collapse modes is quite sensitive to the distribution of random variables of external loads and member strength. Therefore, if the distribution of external loads and member strength are not considered with properly in structural design, there is a possibility that the structure collapse according to un-preferable failure modes which may raise large accident. 2-span 3-storey frame structure. The second example is a frame structure with 2 spans and 3 stories shown in Fig. 3 with its external loads and member strength listed in Table 1 , where all the random variables are assumed to be independent.
,000 ,000 Fig. 3 . 2-span 3-storey frame structure As the analysis results, the reliability index and their corresponding number of collapse modes are listed in Table 1 , from which one can see that the reliability indexes under log-normal random variables are little than those under normal random variables in this example. The most likely collapse mode in the both cases of normal random variables and log-normal random variable are column-failure pattern. The occurrence order of the two most likely collapse modes are the same, but the third and fourth likely collapse modes are different with the distribution of the random variable for this example. The third example considers a column over designed 2-span 2-storey frame structure as shown in Fig.5 . All of the beams and columns are designed to make the structure have the same value of the column over design factor (COF) at every node, i. e., there is only one value of the COF for a specific structure. The external load is considered to consist of only the static lateral earthquake loads which is often used for simple seismic design. This are assumed to be concentrated forces triangularly distributed along the height of the structures in consideration. All the variables are assumed to have a lognormal distribution. The coefficient of variation of the member strengths is taken to be 0.1, and the coefficient of variation for the lateral forces is assumed to be 0.8 and that of the vertical load is 0.4. Fig. 5 . Column over designed 2-span 2-storey frame structure Table 2 The occurrence order of collapse modes for 2-span 2-storey COF 1.09 ~ 1.105 1.105~1.12 1.12~1.13 order of 1-9-2-3-4-5 1-2-9-3-4-5-1-2-3-9-4-5-modes 12-8-7-10 12-8-7-10 12-8-7-10 COF 1.13~1.15 1.15~1.18 1.18~1.21 order of 1-2-3-4-9-5-1-2-3-4-5-9-8-1-2-3-4-5-8-modes 8-12-7-10 7-12-10 7-9-10-12 COF 1.21~1.23 1.23~1.24 1.24~1.28 order of 1-2-3-4-5-7-1-2-3-4-5-7-1-2-3-4-5-7-modes 8-10-9-12 8-10-9-13-12 8-10-12-9
As the analysis results, the likely 12 collapse modes are shown in Fig. 6 . When COF is less than 1.09, the mode 9, a story collapse mode, is the most likely collapse mode. Since the story collapse mode is un-preferable in asseismic design, the structure in this example should be designed with COF larger than 1.09. The variations of the occurrence order of the collapse modes with the increase of the COF are shown in Table 2 from which one can see that in all the region of COF, the mode 1, the preferable entire beam-failure pattern is always the most likely failure mode, and the occurrence possibility of mode 9 becomes small with the increase of COF. That is to say, the increase of COF can effectively avoid the story collapse mode in probabilistic means. Fig. 6 . Failure modes for the 2-span 2-storey frame structure
Conclusions
An identification procedure of failure modes for frame structures is developed, and the likely collapse modes of frame structures under uncertain load and member strength are investigated. It is found that (1) The occurrence order of collapse modes is quite sensitive to the distribution of random variables of external loads and member strength, and the likely collapse modes of frame structures under non-normal random variables may be much different from those under normal random variables. (2) The occurrence orders of collapse modes change with the change of the column over-design factor. The increase of column over-design factor can effectively avoid the story collapse mode in probabilistic means.
